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Pre-aging on early-age behavior and bake hardening response of an Al-0.90Mg-0.80Si-0.64Zn alloy was
investigated by differential scanning calorimetry (DSC), high resolution transmission electron micro-
scopy (HRTEM), 3-dimensional atom probe (3DAP), Erichsen test and tensile test. The results indicated
that pre-aged alloy exhibited excellent formability and bake-hardening response, while bake hardening
response was poor in samples with natural aging. Clustering behavior during natural aging was inhibited
by pre-aging. Numerous GP zones formed in pre-aged samples. GP zones were the nuclei of β′′ pre-
cipitates or directly transformed β′′ phases during paint baking process. A large number of β′′ phases
were observed in pre-aged samples after paint bake treatment. There was no sign to indicate that β′′
phase precipitated in natural aged samples after bake hardening treatment.
& 2016 Chinese Materials Research Society. Production and hosting by Elsevier B.V. This is an open access
article under the CC BY-NC-ND license (http://creativecommons.org/licenses/by-nc-nd/4.0/).1. Introduction
Fuel reduction is a primary concern in automotive industry.
Consequently, more and more aluminum alloys are being used for
automotive body panels, where the good formability, weldability
and corrosion resistance are required. Age-hardenable Al-Mg-Si
alloys are widely used for outer body panels instead of steel panels
owing to its characteristics [1–3]. Phase transformation in Al-Mg-
Si alloys occurs via the generally accepted precipitation sequence
[4–6]:
SSSS-Clusters-GP zones-β′′-β′-β (1)
where SSSS represents the super saturated solid solution, GP zones
stands for Guinier-Preston zones, β′′ is metastable needle-like
precipitates, β′ is metastable rod-like (or lath-like) precipitates and
β is the equilibrium phase. All metastable precipitates of Al-Mg-Si
alloys extend along o1004Al directions of the matrix. β′′ and β′
precipitates occur by nucleation and growth [7] and are diffusion
controlled-growth. β′′ phases exhibit the best age-hardening
effect.
Al-Mg-Si alloy body panel sheet is often stored for quite some
time before it is ﬁnally stamped at the automobile plant and un-
dergoes natural aging. Hence, the strength of the alloys isy. Production and hosting by Elsev
163.com (Z. Li).
als Research Society.increased, which decreases the formability of the sheet. Mean-
while the paint-bake response is suppressed by natural aging. Pre-
aging is usually added after the solution treatment, to create
clusters that grow and readily transform into the strengthening
precipitates in a simulated paint baking condition. Consequently,
the yield strength of pre-aged alloy was lower than that of natural
aged samples, and pre-aged alloy showed good formability in
comparison with natural aged alloy. There are many studies to
describe the effects of pre-aging on the paint-bake response and
precipitation hardening of traditional Al-Mg-Si alloys [8–13]. The
effect of pre-aging on early-age behavior and bake hardening re-
sponse in an Al-Mg-Si-Zn-Cu alloy was still unclear, especially
under a speciﬁc pre-aging heat treatment. The goal of the present
work is therefore to investigate the pre-aging on early-age beha-
vior and bake hardening response of Al-0.90Mg-0.80Si-0.64Zn-
0.23Cu alloy.2. Experimental
Chemical composition of the alloy sheet used in the present
work was Al-0.90Mg-0.80Si-0.64Zn-0.23Cu-0.098Mn-0.12Zr (wt-
%). The raw materials were melted by induction heating, and then
cast into iron molds to produce billets. The billets were homo-
genized at 430 °C for 10 h, and subsequently at 550 °C for 18 h,
followed by air cooling to room temperature. The billets were hot
and cold rolled to the ﬁnal gauge of 1 mm. These sheets wereier B.V. This is an open access article under the CC BY-NC-ND license
Table 1









T4 0.28 0.58 8.2
T4P 0.28 0.60 9.6
Fig. 2. DSC curves of the alloy under different conditions.
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temperature by a water quench, and then pre-aging (T4P temper)
were immediately carried out at 140 °C for 5 min. Several sheet
samples without pre-aging (natural aging, T4 temper) were also
prepared for comparison. All sheets were then held at room
temperature for two weeks. A simulated paint bake (PB) treat-
ment, namely artiﬁcial aging process, was carried out at 170 °C for
30 min for all samples.
Differential scanning calorimetry (DSC) under an argon atmo-
sphere was performed using an equipment of DSC NETZSCH STA
409 C/CD, the temperature ranged from 20 °C to 450 °C with 30 mg
Al (99.99%) as a reference, and the heating rate was 10 °C/min. Room
temperature tensile tests were conducted with an Instron tensile
testing machine after the sheet being aged. Gage length of the tensile
test specimens was 60 mm. For each condition, three parallel speci-
mens were tested in order to verify the experimental results. Erich-
sen test was carried out on Zwick/roell BUP600 sheet forming ma-
chine, in order to evaluate the formability of sheets. Precipitates were
investigated by JEOL JEM-2010 high resolution electron microscope
(HREM). Samples for APT (atom probe tomography) analysis were
thin bars of 0.50.520 mm3, and prepared by standard two-step
electro-polishing procedures. APT analysis was performed in a LEAP
4000 HR, under voltage pulsing, at a specimen temperature of 20 K, a
pulse repetition rate of 200 kHz and a pulse voltage fraction of 20%.
The reconstruction and quantitative analysis of APT data were per-
formed using IVAS 3.4.3 software. Nearest-neighbor analysis [14] had
been employed to reveal the distribution of solute atoms in the alloy
during early-stage aging. A solute-separation distance was 0.6 nm to
identify clustering solute atoms, an envelope distance was 0.4 nm
and aluminum size of 10 solute atoms including Mg, Si and Cu were
used in the analysis.3. Results and discussions
3.1. Mechanical properties of the alloy sheets
Fig. 1 shows typical mechanical properties of the alloy with
different aging conditions. T4 yield strength of the alloy was
higher than that of T4P temper alloy, while bake hardening re-
sponse was less than 10 MPa for T4 sheets after paint bake treat-
ment, and T4P sheet exhibited improved bake hardening responseFig. 1. Mechanical properties of the allwith more than 120 MPa. The elongation of the sheets was more
than 28.0% before paint bake treatment. Table 1 represents the
formability index of the sheets under different conditions. It can be
concluded that the strain hardening exponent and coefﬁcient of
normal anisotropy are almost the same for T4 and T4P sheets,
while cupping test value IE exhibits diversity. Cupping test value IE
of T4P sheet was 9.6 mm, which was higher than 8.2 mm for T4
sheet. Consequently, T4P sheets revealed the improved formability
and bake hardening response.
3.2. DSC analysis of the alloy under different conditions
DSC tests with heating rate of 10 °C/min were carried out and
the results are shown in Fig. 2. It can be observed that theoy with different aging conditions.
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conditions. According to the investigation of Gaber A [15] and
Esmaeili [16], four exothermic peaks occurred in the natural aged
sample, which were Mg, Si co-clusters, GP zones, β′′ and β′ phases,
respectively. While three exothermic peaks exhibited after the
alloy being solution treated. According to the previous study [17],
these peaks were GP zones, β′′ and β′ phases, respectively. The
same three exothermic peaks came up in samples with pre-aged. A
endothermic peak between 170 and 210 °C can be easily seen in
being solution treated and natural aged samples, which came from
the reversion of the Cluster(1), which does not change during
prolonged natural aging [9,18]. However, this dissolution trough
was largely reduced or disappeared in the pre-aged samples,
suggesting that pre-aging treatment had effectively inhibited the
formation of Cluster(1). The exothermic peak of β′′ phases shifted
to lower temperature in pre-aged sample, which indicated that
pre-aging promoted the formation of numerous nuclei of β′′ pre-
cipitates, the so-called Cluster(2) [15]. Therefore, pre-aged sheets
showed an improved paint bake response without decreasing the
formability of the alloy, while paint bake response was less than
10 MPa in natural aged samples, as shown in Fig. 1.
3.3. HREM images of the samples in different conditions
Representative HREM images of the alloy after different heat
treatment were revealed in Fig. 3. No contrast attributed to the
precipitate particles can be observed in Fig. 3(a). The matrix is
supersaturated after samples being solution treated, and the par-
ticles do not precipitate from matrix or its size is so small that no
contrast could be discovered. There was also no indication of
precipitate particles in natural aged samples, as revealed in Fig. 3
(b). Cluster(1) precipitated from the matrix during room tem-
perature storage. However it was too small to be observed in the
observation ﬁled of HREM. Nevertheless, the strength of samples
gradually increased, and the formability of sheets without pre-
aging was poor, as shown in Fig. 1 and Table 1. The most important
issue was that Cluster(1) resulted in a reduced strength after
subsequent artiﬁcial aging process, which was the so-called det-
rimental effect of natural aging. GP zones were observed in pre-
aged samples, as indicated by the arrow in Fig. 3(c). The phases
were spherical with 2–4 nm in size, and fully coherent with Al
matrix. GP zones could transform into β′′ precipitates or provide
the nucleation sites for β′′ phases during paint bake treatment,
leading to obvious improvement of yield strength. On the other
hand, the formation of GP zones inhibited the formation of Cluster
(1), and thus, suppressed the deteriorate effect of natural aging.Fig. 3. HREM images in o1004Al direction of samples after beThe diffraction patterns show neither extra reﬂection nor diffuse
scattering due to the high coherency of phases with Al matrix,
indicating that these precipitates do not have any distinct
structure.
In order to analyze the pre-aging on early age hardening be-
havior and bake-hardening response, the microstructure of the
samples with paint bake treatment is presented in Fig. 4. The
precipitates are fully coherent with Al matrix and diffraction in-
tensity is weak, as observed in Fig. 4(a) and (b). According to the
study of Murayama and Hono [19], these precipitates can be
identiﬁed as GP zones. It can be concluded that β′′ precipitates
were suppressed by natural aging, causing in a poor paint bake
response. On the basis of HREM image presented in Fig. 4(c), β′′
phases precipitate from Al matrix. The diffraction pattern in Fig. 4
(d) also shows diffuse scattering along [100]Al and [010]Al, de-
monstrating that the phases were so-called β′′ precipitates. It
means that the precipitation of β′′ phases were accelerated by the
introduced pre-aging. The pre-aged samples exhibited an im-
proved paint bake response. The morphologies and diffraction
patterns obtained from HREM analysis were in accordance with
the results from the DSC measurements and tensile tests.
3.4. 3DAP analysis of precipitates in samples with paint bake
treatment
The precipitates of the alloy with different aging conditions
were analyzed by three-dimensional atom probe (3DAP), as well
as obtaining its number density and fraction. Atom maps of solute
aggregates of samples are shown in Fig. 5. For improved visuali-
zation, all boxes presented here show only the Mg, Si and Cu atom
in detected solute aggregates. In the present work, all clusters,
zones or precipitates are generically called solute aggregates. After
paint bake treatment, the size of solute clusters in T4 samples was
smaller, while the size of aggregates in T4P samples was bigger.
The number densities of T4P and T4 samples were 10.91023
precipitates/m3 and 7.11023 precipitates/m3 respectively. Based
on the size differences and solute atoms in sample with paint bake
treatment, the solute aggregates are divided into 3 groups: one is
no more than 22 detected solute atoms, the second is with 23–75
detected solute atoms and the third is with more than 75 detected
solute atoms, these precipitates was co-clusters, GP zones and β′′
phases [13,20,21]. Solute aggregates in T4 samples after paint bake
treatment was less than 75 atoms, suggesting that the precipitates
were co-clusters and GP zones, which corresponded to the HREM
results, observed in Fig. 4(a). The fraction of precipitates was re-
presented in Fig. 6. The fraction of differently sized aggregates ining. (a) solution treated, (b) natural aged and (c) pre-aged.
Fig. 5. Atom maps showing only solute clusters containing more than 10 solute
atoms of samples with (a) T4þPB (5957138 nm3) and (b) T4PþPB
(6564202 nm3).
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However, three various aggregates in pre-aged samples were ob-
served, these were co-clusters, GP zones and β′′ phases. The frac-
tion of them was 56.9%, 26.9% and 16.2% respectively. The fraction
of GP zones in pre-aged sample was higher than that of non-pre-
aged sample. Meanwhile β′′ phases precipitated from matrix in the
pre-aged sample after paint bake treatment. The results obtained
from 3DAP analysis were consistent with HREM observation. The
sample with pre-aging revealed enhanced bake hardening re-
sponse after paint bake treatment, owing to the precipitation of β′′
phases. The results indicated that pre-aging suppressed the det-
rimental effect of natural aging.
From the above analysis, it can be concluded that pre-aging
effectively suppresses the clustering process which is known to
occur during natural aging. As it is reported that the samples were
stored at room temperature after being solution treated, the
clusters formed during this process, which consumed both va-
cancies and solute atoms, and were difﬁcult to re-dissolve during
paint bake treatment. It has been found that clusters caused theFig. 4. HREM images and SAED patterns of the alloy in o1004Al direction after. (a) T4þPB and (b) T4PþPB.
Fig. 6. Fraction of precipitates in samples with (a) T4þPB and (b) T4PþPB treatment.
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strength would make the stamping operation rather difﬁcult, ex-
hibiting the lower cupping test value IE, as seen in Table 1.
Meanwhile four exothermic peaks came up in natural aged sample
(Fig. 2) and exothermic peak of β′′ phases shifted to higher tem-
perature. Therefore, long time natural aging led to a decrease in
the concentration of both solute atoms and vacancies in Al matrix,
which affected appreciably the precipitation process of β′′ phases
during subsequent artiﬁcial aging. The main precipitates in T4
samples were GP zones rather than β′′ phases after paint bake
treatment, which can be observed in Figs. 4 and 5. Consequently,
T4 sample represented a poor paint bake response after simulated
paint bake treatment.
The samples underwent a pre-aging treatment after being so-
lution treated, and the sheet exhibited low yield strength, which
made the alloy sheets easy to stamp for complex shape parts. As a
consequence, the T4P sheets revealed high cupping test value IE,
namely excellent formability. Three exothermic peaks were ob-
served in DSC curve of pre-aged samples and the exothermic peak
of β′′ phases shifted to lower temperature. Meanwhile, the dis-
solution trough between 170 and 210 °C in T4 curve was largely
reduced or disappeared in the pre-aging sheets, indicating that
clustering process, namely Cluster(1), was effectively suppressed,
and thus the deleterious effect of natural aging on the precipita-
tion of strengthening phases in paint bake treatment process was
inhibited. GP zones precipitated during T4P process, which pro-
vided the nucleation sites for β′′ phases or direct β′′ transformation
during PB process. The high fraction of GP zones and β′′ pre-
cipitated from Al matrix in pre-aged sheets after bake hardening
treatment, as shown in Figs. 4 and 5, leading to the enhanced bake
hardening response. The fraction of GP zones and β′′ phases had
important inﬂuence on the strength of the alloy. The fraction of
strengthening precipitates was higher in pre-aged sample than
that in natural aged sample after paint baking treatment. Mean-
while the temperature of pre-aging was lower. The super-
saturation of solute atom was much higher as compared to the
higher aging temperature. As a result, the driving force for nu-
cleation was larger, which in turn led to high density of β′′ nuclei
and β′′ precipitates in the artiﬁcially aged condition. Therefore, the
pre-aged sample showed excellent formability and improved bake
hardening response.4. Conclusions
The pre-aging on early-age behavior and bake hardening re-
sponse for an Al-0.90Mg-0.80Si-0.64Zn-0.23Cu alloy has been in-
vestigated through DSC, HRTEM, 3DAP, Erichsen test and tensile
test. 1) In comparison with T4 sheets, T4P alloy sheets exhibit
excellent formability with cupping test value of 9.6 mm, and a
signiﬁcant enhancement of bake hardening response with more
than 120 MPa.
2) Pre-aging at 140 °C for 5 min effectively suppresses the
detrimental clustering process and made the exothermic peak of β′
′ phases shift to lower temperature. GP zones have been observed
in T4P samples, while no contrast attributes to precipitates in T4
samples. The improved bake hardening response of the pre-aged
sheets are related to GP zones and β′′ phases after paint bake
treatment. There is no sign to indicate that β′′ phases precipitated
in T4 samples after PB treatment.Acknowledgments
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